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Edited by Hans EklundAbstract Fnq26 from Streptomyces cinnamonensis DSM 1042
is a new member of the recently identiﬁed CloQ/Orf2 class of
prenyltransferases. The enzyme was overexpressed in E. coli
and puriﬁed to apparent homogeneity, resulting in a soluble,
monomeric protein of 33.2 kDa. The catalytic activity of
Fnq26 is independent of the presence of Mg2+ or other divalent
metal ions. With ﬂaviolin (2,5,7-trihydroxy-1,4-naphthoquinone)
as substrate, Fnq26 catalyzes the formation of a carbon–carbon-
bond between C-3 (rather than C-1) of geranyl diphosphate and
C-3 of ﬂaviolin, i.e. an unusual ‘‘reverse’’ prenylation. With 1,3-
dihydroxynaphthalene and 4-hydroxybenzoate as substrates
Fnq26 catalyzes O-prenylations.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The prenylation of small aromatic molecules is a pivotal step
in the biosynthesis of many natural products. The linkage of
isoprenoid precursors, derived from the mevalonate or the
methylerythritol phosphate pathway, with aromatic precur-
sors, mostly derived from the polyketide or shikimate path-
way, has provided the basis for the evolution of an
impressive diversity of secondary metabolites in bacteria, fungi
and plants.
Recently, a new class of enzymes catalyzing the prenylation
of aromatic compounds has been discovered in Streptomy-
cetes, gram-positive soil bacteria which are proliﬁc producers
of important natural products [1]. This enzyme class comprises
CloQ and NovQ, which attach a dimethylallyl side chain to C-
3 of 4-hydroxyphenylpyruvate in aminocoumarin antibiotic
biosynthesis [2], and Orf2 of naphterpin biosynthesis, which at-Abbreviations: GPP, geranyl diphosphate; FNQ I, furanonaphthoqui-
none I; 1,3-DHN, 1,3-dihydroxynaphthalene; 4-HBA, 4-hydroxy-
benzoate
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doi:10.1016/j.febslet.2007.05.031taches a geranyl side chain to various phenolic compounds [3].
The genuine substrate of Orf2 is yet unknown.
X-ray crystallographic investigations proved that the
enzymes of this class display a new type of antiparallel b,a bar-
rel fold. In contrast to the TIM barrel, the prenyltranferase
barrel shows 10 antiparallel (rather than parallel) b strands
forming a central, solvent-ﬁlled barrel which contains the
binding sites for the aromatic and isoprenoid substrates [3,4].
Modelling studies suggested that a previously hypothetical
protein of Streptomyces coelicolor A3(2), termed HypSc,
shares the same protein structure, and prenyltransferase activ-
ity could indeed be demonstrated for this protein [3]. The
members of this enzyme class are soluble, monomeric biocata-
lysts which show unusual promiscuity for their aromatic sub-
strates. It has been pointed out that the discovery of this
class may have a considerable impact on the synthesis of
prenylated aromatic compounds since these enzymes may be
used to create libraries of prenylated aromatic compounds
for drug development [5,6].
We here report a new enzyme of this class, Fnq26, which
catalyzes C- and O-prenylations of diﬀerent phenolic sub-
strates. In contrast to Orf2 of naphterpin biosynthesis, the
Fnq26 reaction is independent of Mg2+ ions, and as the ﬁrst
member of this class, Fnq26 is capable to carry out a ‘‘reverse’’
prenylation, i.e. the attachment of C-3 rather than C-1 of ger-
anyl diphosphate to the aromatic substrate. Such a reverse pre-
nylation is consistent with the presumed role of Fnq26 in the
biosynthesis of furanonaphthoquinone I (FNQ I) (Fig. 1), a
natural product of mixed isoprenoid/polyketide origin from
Streptomyces cinnamonensis DSM 1042 [7].2. Materials and methods
2.1. Chemicals
Geranyl diphosphate (GPP) was synthesized according to Woodside
et al. [8]. Flaviolin was prepared as described by Gross et al. [9].
2.2. Expression and puriﬁcation of Fnq26
fnq26 was ampliﬁed using the primers for 5 0-TGGATCCATGATG-
TCGGGAACCGCCG-3 0 and rev 5 0-CCTCGAGTCTAGAGGGTC-
AGGAACGGCCGCCG-3 0. Underlined letters represent BamHI and
XhoI restriction sites, respectively. The PCR product was ligated into
pGEMT (Promega, Germany) to give pLW35. pLW35 was digested
with BamHI and XhoI and the obtained fragment was ligated into
the same sites of pHis8 [10] to give pLW37.blished by Elsevier B.V. All rights reserved.
Fig. 2. Expression and puriﬁcation of Fnq26. Lane 1, molecular
weight standards; lane 2, total protein before IPTG induction; lane 3,
total protein after IPTG induction; lane 4, soluble protein after IPTG
induction; lane 5, eluate from Ni-NTA-agarose; lane 6, protein after
thrombin cleavage; lane 7, protein after gel chromatography. The
calculated masses are 35.1 kDa for the protein with His8-tag and
33.2 kDa for the protein after thrombin cleavage. The 12% polyacryl-
amide gel was stained with Coomassie Brilliant Blue R-250.
Fig. 1. Biosynthesis of FNQ I and naphterpin.
2890 Y. Haagen et al. / FEBS Letters 581 (2007) 2889–2893E. coli BL21(DE3)pLysS cells harbouring plasmid pLW37 were cul-
tivated in 1 L liquid TB medium containing 50 lg mL1 kanamycin,
and grown at 37 C to an OD600 of 0.6. The temperature was lowered
to 20 C and isopropyl thiogalactoside (IPTG) was added to a ﬁnal
concentration of 0.5 mM. The cells were cultured for further 6 h at
20 C and harvested. Thirty milliliters of lysis buﬀer (50 mM Tris–
HCl, pH 8.0, 500 mM NaCl, 10% glycerol, 10 mM b-mercaptoethanol,
20 mM imidazole, 1% Tween 20, 0.5 mg mL1 lysozyme, 2 mM 1,4-
dithiothreitol, 0.5 mM PMSF) were added to the pellet (12 g). After
stirring at 4 C for 30 min, cells were ruptured with a Branson soniﬁer.
The lysate was centrifuged (55000 · g, 45 min). Puriﬁcation using
1.5 mL Ni-NTA-agarose resin (Qiagen, Hilden, Germany) was carried
out according to the manufacturer’s instructions, using 2 · 2 mL
250 mM imidazole (in 50 mM Tris–HCl, pH 8.0, 500 mM NaCl, 10%
glycerol, 10 mM b-mercaptoethanol) for elution. The His8-tag was
removed by incubation with 2 U thrombin (for 35 mg protein) for
16 h at 4 C during dialysis against 25 mM Tris–HCl, pH 8.0,
100 mM NaCl, 10 mM b-mercaptoethanol. Dialysed protein was
passed over Ni-NTA-agarose and benzamidine-Sepharose (GE
Healthcare Bio Sciences AB, Uppsala, Sweden) and the ﬂow-through
was gel ﬁltrated using a Superdex-200 column (Pharmacia XR26K
26/60) eluted with 25 mM Tris–HCl, pH 8.0, 100 mM NaCl, and
2 mM DTT. Fifteen milligrams of puriﬁed Fnq26 was obtained.2.3. Assay for prenyltransferase activity
The reaction mixture (50 lL) contained 100 mMNa-TAPS (pH 8.5),
0.5 mM ﬂaviolin (or 4 mM 1,3-DHN or 2 mM 4-HBA), 2 mM GPP,
10 mM ascorbic acid and 10–50 lg of puriﬁed Fnq26. MgCl2 or other
metal ions were used at 10 mM concentration. After incubation for
10 min at 30 C, the reaction was stopped with 100 lL of ethyl
acetate/formic acid (975:25). After vortexing and centrifugation the
organic layer was evaporated and the residue was dissolved in metha-
nol and analyzed by HPLC, using an Eclipse XDB-C18 column
(150 · 4.6 mm, 5 lm, Agilent, Waldbronn, Germany) at a ﬂow rate
of 1 mL min1. A linear gradient (30 min) of 20–100% acetonitrile in
1% aqueous formic acid was used with detection at 288 nm (for ﬂavi-
olin and 1,3-DHN) or 260 nm (for 4-HBA).2.4. Preparative enzymatic synthesis for structure elucidation
Fifty milliliters of the reaction mixture described above was incu-
bated at 30 C for 3 h and extracted with 200 mL ethylacetate/formic
acid (975:25). The solvent was evaporated and the products were
puriﬁed by preparative HPLC using a Multospher 120 RP 18 column
(250 · 8 mm, 5 lm, CS Chromatographie Service, Du¨ren, Germany) at
a ﬂow rate of 2.5 mL min1. A linear gradient (30 min) of 70–100%
acetonitrile in 1% aqueous formic acid was used.3. Results
3.1. Sequence analysis, overexpression and puriﬁcation of Fnq26
The gene fnq26 forms part of the biosynthetic gene cluster
for the prenylated polyketide FNQ I (Fig. 1) in Streptomyces
cinnamonensis DSM 1042, and gene inactivation experiments
proved that fnq26 is essential for FNQ I biosynthesis [7].
fnq26 codes for a protein of 300 amino acids with a calculated
molecular weight of 32.7 kDa. The amino acid sequence shows
42% identity (61% similarity) to Orf2 of naphterpin biosynthe-
sis (Fig. S1).
Fnq26 was expressed as His-tagged protein in E. coli, readily
yielding soluble protein which was puriﬁed by Ni2+ aﬃnity
chromatography. The His-tag was removed by thrombin
cleavage and the protein was puriﬁed by gel chromatography,
resulting in an enzyme of apparent homogeneity (Fig. 2). From
1 L of culture 15 mg of puriﬁed enzyme were obtained.
3.2. Prenyltransferase activity of Fnq26
When ﬂaviolin, a hypothetical intermediate of FNQ I biosyn-
thesis (Fig. 4), was incubated with GPP and Fnq26, an
enzymatic product was readily observed (Fig. 3A, 1). 1,6-Dihy-
droxynaphthalene, the best-established substrate for Orf2 of
naphterpin biosynthesis, was not accepted by Fnq26, but 1,3-
dihydroxynaphthalene (1,3-DHN) was (Fig. 3B). Similarly,
4-hydroxyphenylpyruvate, which is the genuine substrate of
CloQ and is also accepted by Orf2, did not yield any product
with Fnq26. But a product was formed with 4-hydroxy-
benzoate (4-HBA), the substrate of the membrane-bound pre-
nyltransferases of ubiquinone and shikonin biosynthesis [11,12].
3.3. Structure elucidation of the products of the Fnq26 reaction
LC–MS analysis of the products obtained with ﬂaviolin,
1,3-DHN and 4-HBA conﬁrmed that these were mono-gerany-
lated derivatives of the respective aromatic substrates
(Table S5). In order to identify to which carbon or oxygen
of the aromatic substrate the geranyl side chain had been
attached, and whether the geranyl moiety was attached via
its C-1 (regular prenylation) or C-3 (‘‘reverse’’ prenylation),
incubations were scaled up, and the puriﬁed products were
analyzed by NMR spectroscopy.
Fig. 3. HPLC analysis of prenyltransferase assays with Fnq26. Upper chromatograms: native enzyme. Lower chromatograms: heat-inactivated
enzyme (10 min at 100 C).
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NMR (Table S1), the signals of 6-H and 8-H are coupled,
while the signal of 3-H appears as singlet. The major product
obtained from ﬂaviolin (1, Figs. 3 and 4) showed the same sig-
nals for 6-H and 8-H as ﬂaviolin, but lacked the signal for 3-H,
proving that the geranyl side chain had been attached to car-
bon 3 of ﬂaviolin. As expected for a reverse prenylation
(Fig. 4, 1) the signals of two chemically diﬀerent vinylic pro-
tons at C-1 0 were detected (4.93 and 4.86 ppm), both of which
coupled with 2 0-H, resulting in a double duplet for the latter
proton (6.29 ppm; 10.8 and 17.8 Hz). These signals are in
agreement with those from two earlier described products from
reverse prenylations [13,14] and proved that the geranyl side
chain was linked to ﬂaviolin via C-3 0 rather than C-1 0.
Flaviolin also yielded a minor product (Fig. 3A, 2), which
showed the same mass as 1. The 1H NMR spectrum of this
compound showed the typical signals of a regular prenylation,
with two chemically equivalent benzylic protons at C-1 0
(3.16 ppm), coupling with 2 0-H which therefore appears as
broad triplet (5.12 ppm) (Table S1). These signals are in accor-
dance with literature data for a regular geranyl side chain [15].
Therefore, in compound 2, the geranyl side chain was linked to
ﬂaviolin via C-1 0 (Fig. 4, 2).
1,3-DHN also yielded a major and a minor product
(Fig. 3B). However, the 1H and 13C NMR analysis (Tables
S2 and S3) clearly showed that these were O-prenylated pro-
ducts, with regular rather than reverse attachment of the gera-
nyl group (Fig. 4, 3 and 4).
4-HBA yielded a single product (Fig. 3C). MS and NMR
analysis (Tables S4 and S5) conﬁrmed that this also was an
O-geranylated product (Fig. 4, 5).3.4. Biochemical properties of the prenyltransferase Fnq26
In the standard assay product formation showed linear
dependence on time up to 30 min and on protein amount up
to 50 lg per assay. To reduce the oxidative decomposition of
the substrates, especially of 1,3-DHN (resulting in the peakat 9.4 min, Fig. 3B), sodium ascorbate (10 mM) was routinely
included in the assays. Maximal product formation was
observed at pH 8.5, with half-maximal values at pH 7.5 and
9.2. Addition of EDTA (10 mM) to an assay not containing
any divalent cations did not aﬀect the enzyme activity. Addi-
tion of Mg2+ or Ca2+ (10 mM) likewise did not aﬀect the enzy-
matic activity, whereas addition of Mn2+ or Zn2+ decreased
activity by 60–80%.
The Fnq26 reaction followed Michaelis–Menten kinetics.
Using a constant GPP concentration of 2 mM, varying con-
centrations of 1,3-DHN resulted in a typical hyperbolic curve,
providing a Km of 1.9 mM for this aromatic substrate. The
maximal rate for the reaction was 0.2 min1. 4-HBA was con-
verted with somewhat less catalytic eﬃciency (Km approxi-
mately 5.6 mM, kcat = 0.14 min
1). In contrast, ﬂaviolin
showed a much lower Km value (21 lM) under the same con-
ditions, but also a lower reaction velocity (kcat = 0.013 min
1).
The Km value for GPP was determined as 2.1 lM using
ﬂaviolin (0.25 mM) as aromatic substrate. However, when
1,3-DHN (4 mM) was the prenyl acceptor, a Km of 27 lM
was obtained for GPP.
As mentioned above, no product formation was observed
with 1,6-DHN or 4-hydroxyphenylpyruvate, neither with 2,7-
DHN. The ﬂavonoid naringenin (1 mM) resulted in a low
product formation. When GPP was replaced by DMAPP
(4 mM), also a low product formation with ﬂaviolin, 1,3-
DHN and 4-HBA was observed. The structures of these pro-
ducts were not elucidated. No product formation was observed
with FPP as prenyl donor.
Fnq26 was expressed as His8-tag protein, and the His8-tag
was removed by thrombin cleavage before gel chromato-
graphic puriﬁcation. No diﬀerences were observed between
the activities of the His-tagged and non-tagged protein. Gel
chromatography in comparison with molecular weight stan-
dards showed an apparent molecular weight of 39.1 kDa for
the non-tagged Fnq26 (calculated 33.2 kDa), suggesting that
the enzyme is active as monomer, as also reported for CloQ
and Orf2 [2,3].
Fig. 4. Structures of the reaction products of Fnq26.
Fig. 5. Schematic mechanism of the reaction of Fnq26 with ﬂaviolin
and GPP.
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In 2003 we reported the unusual biochemical properties of
CloQ of clorobiocin biosynthesis and speculated that this
enzyme may represent the ﬁrst member of a new class of pre-
nyltransferases [2]. This has subsequently been conﬁrmed by
the discovery of Orf2 of naphterpin biosynthesis. Structural
investigations unravelled that this enzyme class displays a
new protein fold, unrelated to any previously known pre-
nyltransferases [3]. Fnq26 of furanonaphthoquinone biosyn-
thesis now adds a new member to this class.
Similar to Orf2, Fnq26 carries out C-and O-geranylations of
diﬀerent aromatic substrates. However, as the ﬁrst member of
this enzyme class, Fnq26 is capable of attaching C-3 rather
than C-1 of the prenyl group to the aromatic substrate. Only
two other enzymes have been characterized which carry out
such so-called ‘‘reverse’’ prenylations [13,16]. These enzymes
do not share sequence similarity with Fnq26.
Although it has been speculated that reverse prenylations
may proceed via ‘‘regular’’ prenylation of a heteroatom fol-
lowed by a Claisen-type rearrangement, the available chemical
[17] and biochemical [13] evidence rather points to a direct
nucleophilic attack of the aromatic carbon on C-3 of the pre-
nyl diphosphate (Fig. 5). This is also conﬁrmed by the fact thatwe observed prenylation only at carbon-3 of ﬂaviolin, but not
at the oxygens at the neighbouring positions 2 and 4 (Fig. 5).
However, the correct positioning for reverse C-prenylation was
apparently not achieved with the substrates 1,3-DHN and 4-
HBA, resulting in the kinetically more favoured O-prenylation
via C-1 of GPP (Fig. 4).
In the biosynthesis of FNQ I and of the very similar furaqu-
inocin [18], prenylation is expected to occur at the position cor-
responding to C-6 of ﬂaviolin (Fig. 1). In contrast, in vitro the
prenylation of ﬂaviolin by Fnq26 occurs exclusively at C-3
(Fig. 4). This suggests that ﬂaviolin is not the genuine substrate
of Fnq26 in FNQ I biosynthesis. The true substrate may be an
earlier intermediate of the pathway from malonyl-CoA to ﬂa-
violin [19], or a later intermediate carrying a methyl group at
carbon-3 and/or at the oxygen in position 2 of ﬂaviolin
(Fig. 1). Also in the biosynthesis of naphterpin and the closely
related marinone [3], the mechanism of prenylation is yet to be
elucidated. In these compounds, the prenyl side chain is, sur-
prisingly, attached to a position expected to be occupied by
a hydroxyl group resulting from tetrahydroxynaphthalene bio-
synthesis (Fig. 1).
All trans-prenyltransferases like e.g. farnesyl diphosphate
synthase [20], as well as previously described membrane-bound
prenyltransferases with aromatic substrates [11,12], have char-
acteristic (N/D)DXXD motifs which are involved in substrate
binding and catalysis by way of chelation of Mg2+. These en-
zymes show an absolute requirement for Mg2+ or similar diva-
lent cations for catalytic activity. Prenyltransferases of the
CloQ/Orf2 class do not contain the (N/D)DXXD motif, but
the reaction of Orf2 is still dependent on the presence of
Mg2+ [3]. In contrast, the catalytic activity of Fnq26 is inde-
pendent of Mg2+, similar as observed for CloQ [2]. We have
conﬁrmed that puriﬁed CloQ does not contain any Mg2+ or
other metal ions [2,4]. Rather, modelling studies [3] have sug-
gested that a positively charged lysine residue in CloQ/NovQ
Y. Haagen et al. / FEBS Letters 581 (2007) 2889–2893 2893is likely to act as surrogate for Mg2+ in binding of the a-phos-
phate of the prenyl donor. Notably, Fnq26 contains an argi-
nine residue at the corresponding position (Fig. S1), and it
will be interesting to examine its possible role in substrate
binding by X-ray crystallography.
Mg2+ ions accelerate the non-enzymatic hydrolytic cleavage
of prenyl diphosphates [21]. The Mg2+-independence of Fnq26
therefore represents an advantage of this soluble biocatalyst
for chemoenzymatic applications, as compared to previously
employed membrane-bound, magnesium-dependent enzymes
[22].
Acknowledgements: We thank R. Mu¨ller and N. Luniak (Universita¨t
des Saarlandes) for Pseudomonas putida (pFG154-1), K. Flinspach
for isolating ﬂaviolin from this strain, S.-M. Li (Universita¨t Du¨ssel-
dorf), K. Albert and V. Friebolin (Universita¨t Tu¨bingen) for help in
the assignment of the NMR spectra and B. Kammerer and S. Reit
for LC–MS analysis. This work was supported by a grant from the
Deutsche Forschungsgemeinschaft (SPP 1152 EVOMET) to L.H.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet. 2007.05.
031.
References
[1] Hopwood, D.A. (2007) Streptomyces in Nature and Medicine.
The Antibiotic Makers, Oxford University Press, Oxford, UK.
[2] Pojer, F., Wemakor, E., Kammerer, B., Chen, H., Walsh, C.T.,
Li, S.-M. and Heide, L. (2003) CloQ, a prenyltransferase involved
in clorobiocin biosynthesis. Proc. Natl. Acad. Sci. USA 100,
2316–2321.
[3] Kuzuyama, T., Noel, J.P. and Richard, S.B. (2005) Structural
basis for the promiscuous biosynthetic prenylation of aromatic
natural products. Nature 435, 983–987.
[4] Keller, S., Pojer, F., Heide, L. and Lawson, D.M. (2006)
Crystallization and preliminary X-ray analysis of the aromatic
prenyltransferase CloQ from the clorobiocin biosynthetic cluster
of Streptomyces roseochromogenes. Acta Crystallogr. F 62, 1153–
1155.
[5] Koehl, P. (2005) Relaxed speciﬁcity in aromatic prenyltransfe-
rases. Nat. Chem. Biol. 1, 71–72.
[6] Botta, B., Monache, G.D., Menendez, P. and Boﬃ, A. (2005)
Novel prenyltransferase enzymes as a tool for ﬂavonoid prenyl-
ation. Trends Pharmacol. Sci. 26, 606–608.
[7] Haagen, Y., Glu¨ck, K., Fay, K., Kammerer, B., Gust, B. and
Heide, L. (2006) A gene cluster for prenylated naphthoquinone
and prenylated phenazine biosynthesis in Streptomyces cinnamon-
ensis DSM 1042. Chembiochem 7, 2016–2027.[8] Woodside, A.B., Huang, Z. and Poulter, C.D. (1993) Trisammo-
nium geranyl diphosphate. Org. Synth. 66, 211–215.
[9] Gross, F., Luniak, N., Perlova, O., Gaitatzis, N., Jenke-Kodama,
H., Gerth, K., Gottschalk, D., Dittmann, E. and Mu¨ller, R.
(2006) Bacterial type III polyketide synthases: phylogenetic
analysis and potential for the production of novel secondary
metabolites by heterologous expression in pseudomonads. Arch.
Microbiol. 185, 28–38.
[10] Jez, J.M., Ferrer, J.L., Bowman, M.E., Dixon, R.A. and Noel,
J.P. (2000) Dissection of malonyl-coenzyme A decarboxylation
from polyketide formation in the reaction mechanism of a plant
polyketide synthase. Biochemistry 39, 890–902.
[11] Melzer, M. and Heide, L. (1994) Characterization of poly-
prenyldiphosphate: 4-hydroxybenzoate polyprenyltransferase
from Escherichia coli. Biochim. Biophys. Acta 1212, 93–102.
[12] Yazaki, K., Kunihisa, M., Fujisaki, T. and Sato, F. (2002)
Geranyl diphosphate: 4-hydroxybenzoate geranyltransferase from
Lithospermum erythrorhizon. Cloning and characterization of a
key enzyme in shikonin biosynthesis. J. Biol. Chem. 277, 6240–
6246.
[13] Unso¨ld, I.A. and Li, S.M. (2006) Reverse prenyltransferase in the
biosynthesis of fumigaclavine C in Aspergillus fumigatus: gene
expression, puriﬁcation, and characterization of fumigaclavine C
synthase FgaPT1. Chembiochem 7, 158–164.
[14] Cardellina, J.H., Marner, F.J. and Moore, R.E. (1979) Seaweed
dermatitis: structure of lyngbyatoxin A. Science 204, 193–195.
[15] Inouye, H., Ueda, S., Inoue, K. and Matsumura, H. (1979)
Quinones and related compounds in higher plants. Part 8.
Biosynthesis of shikonin in callus cultures of Lithospermum
erythrorhizon. Phytochemistry 18, 1301–1308.
[16] Edwards, D.J. and Gerwick, W.H. (2004) Lyngbyatoxin biosyn-
thesis: sequence of biosynthetic gene cluster and identiﬁcation of a
novel aromatic prenyltransferase. J. Am. Chem. Soc. 126, 11432–
11433.
[17] Williams, R.M., Stocking, E.M. and Sanz-Cervera, J.F. (2000)
Biosynthesis of prenylated alkaloids derived from tryptophan.
Top. Curr. Chem. 209, 97–173.
[18] Kawasaki, T., Hayashi, Y., Kuzuyama, T., Furihata, K., Itoh, N.,
Seto, H. and Dairi, T. (2006) Biosynthesis of a natural polyketide-
isoprenoid hybrid compound, furaquinocin A: identiﬁcation and
heterologous expression of the gene cluster. J. Bacteriol. 188,
1236–1244.
[19] Funa, N., Funabashi, M., Yoshimura, E. and Horinouchi, S.
(2005) A novel quinone-forming monooxygenase family involved
in modiﬁcation of aromatic polyketides. J. Biol. Chem. 280,
14514–14523.
[20] Liang, P.H., Ko, T.P. and Wang, A.H. (2002) Structure,
mechanism and function of prenyltransferases. Eur. J. Biochem.
269, 3339–3354.
[21] Brems, D.N. and Rilling, H.C. (1977) On the mechanism of the
prenyltransferase reaction. Metal ion dependent solvolysis of an
allylic pyrophosphate. J. Am. Chem. Soc. 99, 8351–8352.
[22] Wessjohann, L. and Sontag, B. (1996) Prenylation of benzoic acid
derivatives catalyzed by a transferase from overproducing strains
of Escherichia coli: method development and substrate speciﬁcity.
Angew. Chem., Int. Ed. Engl. 35, 1697–1699.
